We demonstrate the results of a strain (stress) evaluation obtained from Raman spectroscopy measurements with the superresolution method (the so-called super-resolution Raman spectroscopy) for a Si substrate with a patterned SiN film (serving as a strained Si sample). To improve the spatial resolution of Raman spectroscopy, we used the super-resolution method and a highnumerical-aperture immersion lens. Additionally, we estimated the spatial resolution by an edge force model (EFM) calculation. One-and two-dimensional stress distributions in the Si substrate with the patterned SiN film were obtained by super-resolution Raman spectroscopy. The results from both super-resolution Raman spectroscopy and the EFM calculation were compared and were found to correlate well. The best spatial resolution, 70 nm, was achieved by super-resolution Raman measurements with an oil immersion lens. We conclude that super-resolution Raman spectroscopy is a useful method for evaluating stress in miniaturized state-of-the-art transistors, and we believe that the super-resolution method will soon be a requisite technique.
Introduction
Raman spectroscopy is used as a stress evaluation method for strained Si, which is a technique for improving device performance. State-of-the-art metal-oxide-semiconductor fieldeffect transistors (MOSFETs) with strained Si have been scaled down and have become complicated. There is a significant demand to measure the strain induced in such Si nanodevices, because the electrical properties of transistors considerably depend on the strain. Various methods of nanoscale strain (stress) evaluation have been demonstrated, including convergent-beam electron diffraction (CBED), micro-Raman spectroscopy, and micro-X-ray diffraction (XRD) [1] [2] [3] [4] [5] . The Raman spectroscopy is advantageous because it permits the nondestructive and precise measurement of stress in Si with relatively high spatial resolution. In the previous study, the spatial resolution of Raman spectroscopy was improved by the use of a high-numericalaperture (NA) immersion lens [6, 7] . However, the spatial resolution of current Raman measurements is insufficient to evaluate state-of-the-art MOSFETs, because the spatial resolution of an optical measurement cannot far exceed its wavelength due to the diffraction limit. The data diffusion is attributed to a variation in the probe shape, which is determined by mirrors, filters, and lenses on light path; the probe diameter especially was varied by NA of an objective lens. Generally, that is inevitable in optical evaluation techniques. Accordingly, digital processing technology is necessary to solve this problem. The digital processing technology of the super-resolution method permits the evaluation of the spatial resolution beyond the optical diffraction limit.
In this study, we improved the spatial resolution of Raman spectroscopy by the use of the super-resolution method and a high NA immersion lens. The super-resolution method is the digital technique of improving for spatial resolution. It is possible to combine the super-resolution method with other techniques of improving spatial resolution. Moreover, we demonstrated results obtained by Raman spectroscopy measurements with the super-resolution method for a Si substrate with a patterned SiN film. The SiN films are used in the state-of-the-art MOSFETs to enhance the electron and hole mobilities. Additionally, we checked the validation of the super-resolution algorithm and estimated the spatial resolution by edge force model (EFM) calculation.
Experimental Procedure

Samples.
To evaluate the spatial resolution of Raman spectroscopy, a Si substrate with a patterned SiN film was used as a strained Si sample. The structures of the samples are shown in Figure 1 
Methods of Stress/Strain
Evaluation. UV-Raman spectroscopy was performed to obtain stress distributions. An Arion laser ( = 364 nm) was used as an excitation source, and its penetration depth into Si was approximately 5 nm. The SiN film is transparent to the wavelength of 364 nm [8, 9] . A conventional lens (NA = 0.5) and a high NA immersion lens (NA = 1.4) were used. The scan step sizes were 200 and 100 nm in the conventional lens and the immersion lens condition. A detailed explanation of the stress measurement by UV-Raman spectroscopy is given in [8, 9] . The superresolution method was applied to Raman spectroscopy (the so-called super-resolution Raman spectroscopy) to obtain extremely high spatial resolution. In super-resolution Raman spectroscopy, the bilateral total variation (BTV) deconvolution method was selected so that noise enhancement could be suppressed during the calculation [10] [11] [12] [13] [14] . In a previous study, it was reported that there was a good correlation between the stress calculated by the EFM and that measured by the Raman method with corrections for detection depth and beam spot size (in this case, the beam spot profile corresponded to the diffusion filter H) [15] [16] [17] . In this report, a Gaussian filter was used as diffusion filter . Thus, the restored data is obtained using a Gaussian filter as . The BTV method is defined bŷ
where indicates the observed data,̂indicates the predicted original data, which was not affected by the diffusion, and 1 , 2 , 3 , and indicate a bilateral filter, a median filter, a Laplacian filter, and the weighting factor of each filter, respectively. In the actual procedure, (1) is achieved bŷ
(2) Figure 2 shows the every steps of (2). The recurrence formula of (2) was repeatedly executed. Then, it was stopped when the difference between̂and̂+ 1 became sufficiently small. In deconvolution, we adjusted the beam spot parameter 0 of to the experimental condition. We use the parameters 0 = 1100 and 400 for the conventional lens and the immersion lens condition. A detailed explanation of the BTV method is given in [11] . The EFM with corrections for detection depth and beam spot size [10, 11] was employed to check the validation and to estimate the spatial resolution before and after super resolution. In this model, it is assumed that the stresses are concentrated to film edge and the edge forces are dependent on film thickness and stress [18, 19] . The calculated stress profiles in the Si substrate with the L&S pattern were estimated by this model. It is necessary to convert the stress to the Raman shift. The uniaxial stress assumption was used because the Raman shift of the vertical and shear stresses was sufficiently smaller than that of the uniaxial stress in this sample. Thus, the vertical and shear stresses were ignored in this study. The uniaxial stress and Raman shift conversion factor is −1.93. Figure 3 shows the stress dependences on Film of the film stress, ℎ Film of the film thickness, of the detection depth, and of the beam spot size. We performed curve fitting of the least-square approach between the measurement data and the EFM calculation with the corrections, with the fitting parameter of . Figures 4 and 5 show one-dimensional profiles of Raman wavenumber shifts for the Si substrate with a patterned SiN film (with space widths of 3, 1, and 0.5 m). Solid and dashed lines show the results of Raman spectroscopy and the EFM calculation, respectively. Oil-immersion and conventional objective lenses were also compared in a previous study [7] . However, they were compared on shallow trench isolated Si. Moreover, we used the EFM calculations and estimated the spatial resolution by the least-square approach fitting. In the EFM calculation, we used the parameters Film = −2.5 GPa, ℎ Film = 53.6 nm, and = 5 nm. The parameter was 750 and 350 nm when using the conventional and oil immersion lenses, respectively. Comparing the results of the Raman measurements with the conventional and oil immersion lenses in Figures 4 and 5 , the stress enhancement at the SiN film edges is clearer in the oil immersion Raman method than in the conventional Raman method. Furthermore, it was observed that the strain induced in the space region increases with reducing space width, specifically in the oil immersion Raman measurement, which confirms the strain-size effect as was observed in previous studies [20, 21] . As a result, the beam spot sizes were determined to be 750 and 350 nm in conventional and oil immersion Raman spectroscopy, respectively, obtained by comparing the measured data and the EFM calculations with the correction of optical penetration depth and beam spot size. The spatial resolution was improved using the oil immersion lens. Additionally, the Film of the film stress was estimated at −2.5 GPa by EFM fitting. Therefore, it is expected that the SiN film has high film density, because the film stress is highly compressive [22] .
Results and Discussion
Spatial Resolution Improvement by an Oil Immersion Lens.
Super-Resolution
Raman Spectroscopy. using this filter, which was extended to two dimensions. In deconvolution procedure, the data stop was 3 points away from the inner edge of the measured area. The specific Raman shift map contrast appears in super-resolution Raman spectroscopy. The deconvolution method can be accurately applied to the two-dimensional evaluation. Figure 7 shows one-dimensional profiles of Raman shifts for the Si substrate with a patterned SiN film obtained by super-resolution Raman spectroscopy and the EFM calculation with a conventional lens. In the EFM calculation, we used the parameters Film = −2.5 GPa, ℎ Film = 53.6 nm, = 5 nm, and = 200 nm. The stress enhancement at the SiN film edges and the strain-size effect were clearly observed after deconvolution, compared to the results without deconvolution (Figure 4) . Moreover, stress relaxation at the center of the space region was confirmed even for the 0.5 m wide pattern. As a result, there is good correlation between the results of superresolution Raman spectroscopy and the EFM calculation. The spatial resolution of super-resolution Raman spectroscopy improved from 750 nm to 200 nm. This value is as good as 350 nm obtained by oil immersion lens condition. As a result, the resolution improvement of deconvolution method with conventional lens is effectively the same as in the oil immersion lens condition. Figure 8 shows one-dimensional profiles of Raman wavenumber shifts for the Si substrate with a patterned SiN film (with space widths of 3, 1, and 0.5 m) by superresolution Raman spectroscopy with an oil immersion lens and the EFM calculation. In the EFM calculation, we used the parameters Film = −2.5 GPa, ℎ Film = 53.6 nm, = 5 nm, and = 70 nm. The stress enhancement at the SiN film edges was emphasized to a greater degree. Very high tensile and compressive stress of a maximum of 1.3 GPa was obtained. Stress relaxation at the center of the space region was also clearly confirmed at the 0.5 m wide pattern, the same as in using a conventional lens and super resolution. As a result, the spatial resolution of the super-resolution Raman measurements with the oil-immersion lens was improved from 350 nm to 70 nm by the use of deconvolution and the oil immersion lens. We consider that a spatial resolution of 70 nm is sufficient for the stress evaluation of state-of-the-art scaled-down MOSFETs. Figure 9 shows one-dimensional profiles of Raman wavenumber shifts for the Si substrate with a patterned SiN film (0.3 m space width) by conventional and superresolution Raman spectroscopy with (a) conventional and (b) immersion lenses compared with the EFM calculation. In Figure 9 (a), stress enhancement was not observed, because the signal-to-noise ratio before the super-resolution treatment was low and close to the intensity of the noise. The Raman shift profiles were assumed to be noise caused by the super-resolution algorithm. On the other hand, stress enhancement was clearly observed in Figure 9 (b). To obtain clear super-resolution Raman profiles, a high signal-to-noise ratio is required in the observed data. However, the superresolution technique is advantageous because it is not influenced by the sample because it includes digital processing. If we can solve the signal-to-noise ratio problem, superresolution Raman spectroscopy will be a powerful technique for nanoscale stress evaluation.
Conclusions
In this paper, the spatial resolution of Raman spectroscopy was improved by the use of digital processing technology provided by the super-resolution method, along with a highnumerical-aperture lens. A Si substrate with a patterned SiN film was used as a strained Si sample. The digital processing enabled us to evaluate a sharp Raman shift distribution, and very high tensile and compressive stress of a maximum of 1.3 GPa was obtained. Moreover, to evaluate the spatial resolution of Raman spectroscopy, an EFM calculation with corrections for detection depth and beam spot size was used for curve fitting. As a result, correlation between the results of super-resolution Raman spectroscopy and the EFM calculation was good. The best spatial resolution, 70 nm, was achieved by the super-resolution Raman measurements with the oil immersion lens. This value was an improvement over the 350 nm obtained by a conventional oil immersion Raman measurement and was approximately 0.093 times the 750 nm obtained by a conventional measurement. The spatial resolution of 70 nm is close to the size of the stateof-the-art MOSFETs. We consider super-resolution Raman spectroscopy to be very useful for nanoscale stress evaluation. However, the profile with the low signal-to-noise ratio was not improved by the super-resolution algorithm, because the Raman shift profiles were assumed to be noise caused by the super-resolution algorithm. It is necessary that we obtain the observed data with a high signal-to-noise ratio. The super-resolution technique is advantageous because it is not influenced by the sample since it includes digital processing. If we can solve the signal-to-noise ratio problem, super-resolution Raman spectroscopy will be a powerful technique for nanoscale stress evaluation. We believe that the super-resolution method will be indispensable to for evaluating future MOSFETs, which will surely surpass the present ones in complexity.
